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Supplementary Information/ Extended Methods 

Participants were recruited from the general population of a research institute adhering to COVID-
19 regulations. Therefore, we have aimed to recruit healthy young volunteers in an age range 
between 20 and 35 years. We have ruled out existing cardiovascular, neurological or respiratory 
conditions as assessed by a questionnaire. All subjects were measured with two different masks 
on two separate days – on day one an FFP2 mask (RM101 FFP2 NR, Zhejiang Yinghua 
Technology Co. Ltd., China) was utilized and a three-layer surgical mask was utilized on day two. 
The order of the masks was fixed. 
Diffuse optical technologies using near-infrared (~650-950nm) are emerging non-invasive methods 
that can measure microvascular blood flow (CBF), blood oxygen saturation (StO2) and total 
hemoglobin concentration (tHb) continuously on the surface of the adult brain cortex [1]. Here, we 
have used diffuse correlation spectroscopy (DCS) [2] and time-resolved near-infrared spectroscopy 
(TR-NIRS) [3] to measure these parameters simultaneously and bilaterally with a source-detector 
separation of 2.5 cm for DCS and 3.0 cm for TR-NIRS. The probes were placed on two frontal 
lobes while avoiding the sinuses.  
Alongside the cerebral hemodynamic assessment, systemic physiology was monitored in a 
synchronized manner using both hardware and software protocols. Arterial blood pressure (ABP), 
heart rate (HR), arterial oxygen saturation (SpO2) were monitored with a non-invasive finger cuff 
(Finapres NOVA, Finapres Medical Systems BV, Netherlands). Respiratory rate (RR) and exhaled 
end-tidal carbon dioxide partial pressure (EtCO2) by a capnograph (Capnostream 20p, Medtronic, 
Minneapolis, USA), and, transcutaneous carbon dioxide partial pressure (TcCO2) by a 
transcutaneous monitor (SenTec Digital monitor, SenTec AG, Switzerland) were monitored. During 
the study, we have expected and confirmed that the nasal cannula to measure EtCO2 is influenced 
by the carbon dioxide trapped between face and mask and its readings do not reflect the blood 
carbon-dioxide levels so TcCO2 measurements were utilized.  
The optical measurement of microvascular CBF, microvascular StO2 and SpO2 allows us to further 
calculate changes in the oxygen extraction fraction (OEF) (see equation 1) and the cerebral 
metabolic rate of oxygen (CMRO2) (see equation 2). This calculation is based on a set of 
assumptions that are derived from a compartmental model where the vasculature is divided into 
arterial, capillary and venous compartments [1,4] and has been compared against various methods 
[5], resulting in: 

𝑂𝐸𝐹 =  
𝑆𝑎𝑂2−𝑆𝑡𝑂2

𝛾∙𝑆𝑎𝑂2
                         (1) and 

𝑟𝐶𝑀𝑅𝑂2 = 𝑟𝑂𝐸𝐹 ∙ 𝑟𝐶𝐵𝐹 ~
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.              (2) 

Here γ is the fraction of the blood volume in the venous compartment, which is assumed not to 
change, r denotes relative changes with respect to the baseline indicated with index 0 and SaO2 is 
the arteriolar oxygen saturation which can be estimated by SpO2. The limitations and applicability 
of these assumptions have been discussed in the references and are beyond the scope of this 
study. 
The calculation of the optically measured variables and the re-alignment with the other 
physiological signals was done in MATLAB (R2019a, MathWorks, USA). DCS and TR-NIRS data 
was fitted using the analytical solutions for a semi-infinite medium [2,3]. All parameters were 
smoothed with the a robust, “local regression using weighted linear least squares and a second 

degree polynomial model“ (“rloess” method of the function “smoothdata”) using a thirty second 

window to reduce physiological noise [6]. The changes in the cerebral hemodynamic parameters 
of both hemispheres were then averaged since the results from the two hemispheres were not 
statistically significantly different (p≫0.05, paired Wilcoxon test between hemispheres). The signals 
were visually inspected and artifacts (spikes, jumps, etc.) were manually removed (periods in time) 
[7]. 
The statistical analysis was performed using the statistical programming language R (v 4.0.3) with 

the packages “lmer” and “emmeans”. In order to test for changes in the hemodynamic and systemic 

parameters and differences between the two mask types a linear mixed effect (LME) model was 
used with the subject as the random effect. We have analyzed the data after three minutes of 
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wearing a mask to allow the physiology to stabilize and compared it to a baseline 300 seconds prior 
to the mask placement. We report the results of a post-hoc test. We have tested whether each 
mask type is statistically different from zero and whether the difference between the mask types is 
statistically different considering the “false discovery rate” correction for the p-value (<0.05 
significant) due to multiple testing. The residuals of the LME were visually inspected if they can be 
considered to be normally distributed. 
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